The mechanical properties and corrosion resistance of stainless steels are due to the combined effect of chemical composition and thermomechanical processing. The objective of this study was to investigate the interaction precipitation-recrystallization of an austenitic steel with high additions of nitrogen and niobium through continuous-cooling multiple deformation hot-torsion tests. Samples were heated up to a soaking temperature of 1250 o C and kept at this temperature for 5 minutes, and then deformed during cooling. The deformation pass was 0.3 with a strain rate of 1 s -1 and interpass times of 20 or 50 s. The evolution of the microstructure was investigated by optical, EBSD and transmission electron microscopy, using thin foils and carbon extraction replica samples. The results showed that some precipitates were not dissolved after reheating and the presence of niobium-and chromium-rich particles after processing was confirmed. The strain accumulation with the interpass time of 20 s yielded finer precipitation and improved grain refinement than observed after 50 s. Some interaction of the precipitates with dislocations and grain boundary could be evidenced.
Introduction
Austenitic stainless steels have received considerable interest as orthopedic implant materials being the ISO 5832-1 steel (ASTM F 138) the most widely used in this type of application [1] . However, due to the low resistance in the annealed condition and the susceptibility to localized corrosion, a wider use of this type of steel in orthopedic applications is limited. The ISO 5832-1 steel has been gradually replaced by an austenitic stainless steel with high nitrogen and high niobium content according to ISO 5832-9 specification [2] .
The mechanical and corrosion properties of these latter alloys are controlled by the precipitation of second phase particles. The presence of fine precipitates with small spacing between them tends to pinning the grain boundaries and inhibits the static and dynamic recrystallization, whereas the coarsening of these precipitates may deteriorate fatigue properties and corrosion resistance of the material [3] .
The scientific features needed to control the microstructural evolution during thermomechanical processing of ISO 5832-9 steel are still unknown [4] . The knowledge and control of the kinetics of dissolution and subsequent precipitation during hot deformation and cooling can lead to microstructure refining or even strength increase due to a higher accumulation of dislocations, as in the case of microalloyed steels [5] . There is evidence that the precipitation of second phase particles in this steel is mainly composed by Z-phase (CrNbN), but still the role of these nitrides in the plastic behavior during thermomechanical processing of this steel is not fully understood [6] .
The Z-phase has been widely reported in the literature of martensitic stainless steels. It plays an important role in the resistance of these materials, but its formation kinetics and its real influence in softening processes, specifically in recrystallization, are unknown [7] . Also, it is not clear whether the particles are precipitated directly from the matrix or takes place by phase transformation from the diffusion of Cr in the matrix for nitride formation [8] . It is clear that with a better knowledge of the mechanical behavior of this material (ISO 5832-9 steel) during hot deformation, one can design thermomechanical schedules for forging or rolling, optimizing the mechanical, corrosion and especially the corrosion-fatigue properties.
Materials and procedure
The material used in this investigation was a high-niobium and high-nitrogen austenitic stainless steel whose chemical composition is given in Table 1 . The steel had been previously hot rolled in the form of bars with 20 mm diameter, annealed at 1030 °C for 60 min and cooled in water. Cylindrical specimens with 5 mm effective radius and 10 mm length in the reduced central gage section were machined out of the bars. The mechanical tests were performed on a hot torsion machine, where the samples were heated in an induction furnace coupled to the machine. The temperature was measured using an optical pyrometer. Experimental data were collected by means of a software that also control the tests parameters such as temperature, strain rate, holding time and straining amount.
The interaction between recrystallization and precipitation was analyzed by hot torsion tests with multiple deformations during continuous cooling. The samples were heated from room temperature to a soaking temperature of 1250 o C and hold at that temperature for 5 min. Then, the specimens were subjected to successive passes of true strain (ε) of 0.3 and a constant strain rate of 1.0 s -1 , while were cooled down continuously at a rate of 24 o C/min or 60 o C/min. The interpass times (t ip ) were 20 and 50 s and after the interruption of the deformation the samples were quenched in water.
The samples were characterized by optical microscopy, electron back scattered diffraction (EBSD) and transmission electron microscopy (TEM) (using thin foils and carbon extraction replica), and the microstructure was observed in the longitudinal plane, just below the deformed surface. The samples were polished and electrolytic etched with a solution of HNO 3 (65%) for optical, EBSD and carbon replicas analysis. Thin foil samples were prepared by electrolytic polishing using a solution of acetic acid (95%) and perchloric acid (5%). TEM analyzes were performed on a FEI Tecnai G2 F20, operated at 200 kV. The size distributions were made by counting more than 200 precipitates or 400 grains for each sample analyzed. 
Results and Discussion
The initial microstructure observed after soaking consists of coarse grains and twins, as shown in Figure 1 have different sizes, indicating that some grain growth took place during soaking. It is also observed in this microstructure large number of coarse precipitates with different sizes, particularly inside the grains, that did not dissolve completely during reheating process. Fig. 1 (b) depicts grains after 2 passes of deformation with an interpass time of 50 s, is possible to note that under this condition recrystallization was complete, presenting a grain size of 33 µm. Figures 1(c) and 1(d) show optical micrographs observed in samples where deformation was interrupted below the non-recrystallization temperature (T nr < 1100 o C). Fig. 1(c) represents the sample after 12 passes of deformation and an interpass time of 50 s, and Fig. 1(d) illustrate the microstructure after 13 passes with an interpass of 20 s. Both microstructures are composed by recrystallized grains and the presence of deformed grains is still apparent, indicating an incomplete recrystallization. However a noticeable grain refinement was promoted. In Figure 1 (e) dislays the grain size distribution, showing that the average grain size for the experiment with interpass times of 20 s (9.48 µm) was a little lower than that observed in the experiment with interpass times of 50 s (11.05 µm).
Carbon replicas were made in order to analyze the precipitates without the interference of the austenitic matrix and to count the size of the precipitates. Micrographs in the Figure 2 show precipitates with different morphologies and sizes extracted by carbon replica of different test conditions but at the same magnification (7000 X). Figure 2 (a) was obtained after reheating to 1250 °C and it can be noted that the majority of the precipitates were dissolved. The average precipitate size was 133.03 nm, the volume fraction (f v ) of 1.67 10 -3 and density particles (ρ) equal to 0.32 particles/µm 2 . After 2 passes and an interpass time of 50 s (see Figure 2(b) ), the average size of the precipitates increased to 153.85 nm, presenting volume fractions and particle densities of f v = 4.97 10 -3 and ρ = 0.57 particles/µm 2 , It is worth noting that a little precipitation occurs even at elevated temperatures. Figure 2(c) , which corresponds to the microstructure after 12 passes and interpass time of 50 s, shows that precipitation was profuse. The average size of the precipitates was 48.87 nm, and volume fractions and particles densities were f v = 9.92 10 -3 and ρ = 16.12 particles/µm 2 . With the interpass time of 20 s and after the 13th pass (see Figure 2(d) ), a large amount of precipitates is readily apparent, having an average size of 38.64 nm, and volume fractions and particle densities of f v = 6.25 10 -3 and ρ = 14.18 particles/µm 2 . The statistical distribution of the sizes of the precipitates is reported in Figure 1(e) , where it can be seen that the precipitation is intense after T nr . It is noticeable that with interpass time of 20 s the size of the precipitates was smaller than those observed after interpass time of 50 s and with larger volume fraction. Figure 3(a) shows some precipitates after reheating the sample and the corresponding EDS spectrum of the particle indicated by an arrow. It is observed that the precipitates are coalescing and EBSD analyses were made in order to observe the recrystallized volume fraction. Figure  4(a) shows the results of a sample with 2 passes and recrystallized fraction of the 80%. Below T nr (Figures 4(b) and 4(c) ), the recrystallization was retarded, observing a recrystallized fraction of approximately 65% for both samples (interpass time of 50 and 20 s).
Thin foil TEM micrographs are shown in Figure 5 . Figure 5 (a) was obtained after soaking and it shows that most of the finer precipitates were dissolved, while the undissolved ones are very large (> 200 nm). 
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It is well known that in experimental multiple deformations continuous on cooling, the level of stress increases as a result of the temperature reduction. The retardation of recrystallization can occur by two striking effects: solute atoms (Nb, N, Mo) and strain-induced precipitation which reduces the mobility of grain boundaries. As well the static recrystallization was not completed below T nr in all experiments conducted here, grain refinement took place. The grain size was reduced from 62 µm to 11.05 µm with interpass time of 50 s and to 9.48 µm with 20 s, after T nr . In the sample of 50 s the volume fraction of precipitate was higher than in the interpass time of 20 s, but with 20 s the amount of small precipitates was higher.
This set of results shows that with lower interpass times is possible the accumulation of deformations because of higher amount of precipitates smaller than 50 nm, which can directly influence the process of recrystallization of the material providing significant grain refinement.
Conclusions
TEM analyses have allowed to conclude that fine second phase precipitation and grain refinement of austenitic grains took place during mechanical processing of ISO 5832-9 steel. The grain size refinement was improved with smaller interpass time. Large volume fraction of fine precipitates was obtained when interpass time and temperature were decreased, mainly below the non-recrystallization temperature T nr. EBSD data have confirmed that the recrystallized fraction was higher at high temperatures than below T nr . TEM analysis confirms that the precipitates are rich in niobium and chromium, typical elements of Z-phase. Thin foil samples investigation showed an intense precipitation in low temperatures, with evidence of interaction between precipitates and subgrains and dislocations in samples with lower interpass time.
